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of diffusion of Bem1 or overexpressing 
this limiting component slows competi-
tion sufficiently that singularity cannot 
be ensured before the onset of budding.
The authors present a mathematical 
model of yeast polarization that is broadly 
consistent with their Bem1 data. However, 
several interesting discrepancies with the 
experimental data suggest that additional 
regulatory mechanisms are likely to be at 
play. First, experiments reveal that bud 
competition is resolved on a tightly con-
trolled timescale, an observation not pre-
dicted by the model. Second, the model 
predicts that a more intense focus of Bem1 
should always defeat a less intense focus, 
whereas this is not always the case. These 
data suggest that the concentration of 
Bem1 at a focus is not the only factor that 
controls competition and polarity. Likely 
candidates for additional points of control 
include the regulation of Bem1’s associa-
tion with essential signaling proteins such 
as Cdc24 and the kinase Cla4. Further-
more, phosphorylation of Cdc24 appears 
to modulate when and where this GEF is 
active, so Bem1 localization is not the only 
determinant of where Cdc42 activation 
takes place (Gulli et al., 2000). Finally, actin 
not only participates in positive feedback 
loops involved in focus formation, but 
can also destabilize foci through negative 
feedback (Ozbudak et al., 2005). It will be 
interesting to see how these additional lay-
ers of regulation combine to robustly gen-
erate a unique axis of polarity.
Beyond providing new insight into 
the mechanism of singularity in bud-
ding yeast, the Howell et al. study show-
cases the power of the nascent field of 
synthetic biology. Rewiring signaling 
cascades can uncover the design prin-
ciples that underlie complex behavior in 
a manner that is difficult to accomplish 
with traditional genetic and pharmaco-
logical approaches. Relatively simple 
perturbations such as changing the 
diffusion constants or subcellular loca-
tion of proteins have provided insights 
into not only yeast polarity but also the 
mechanism of tension sensing during 
cell division in mammalian cells (Liu et 
al., 2009) and the control of cell size in 
fission yeast (Moseley et al., 2009). Add-
ing new positive and negative feedback 
loops to endogenous signaling cascades 
has been used to uncover the core mod-
ule controlling differentiation in bacteria 
(Suel et al., 2007) and the shape of the 
MAPK response in yeast (Bashor et al., 
2008). These synthetic tools are likely to 
bring us ever closer to a true mechanistic 
understanding of how biological circuits 
generate complex behaviors.
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TGF-β ligands induce phosphorylation of receptor-activated Smads at both the C-terminal tail and 
the linker region. Two papers from Massagué and colleagues (Alarcón et al., 2009; Gao et al., 2009) 
reveal a dual role for this linker phosphorylation, which is required for activation of Smads and for 
their degradation.Members of the transforming growth fac-
tor β (TGF-β) family, including TGF-β, bone 
morphogenetic protein (BMP), activin, and 
others, are multifunctional growth factors 
that regulate a variety of physiological 658 Cell 139, November 13, 2009 ©2009 Elsevents. Deregulation of signal transduc-
tion after receptor activation by these 
ligands is associated with a variety of 
diseases (Feng and Derynck, 2005; Mas-
sagué, 1998). TGF-β/BMP signaling is ini-evier Inc.tiated by binding of ligand to cell surface 
type I or type II receptor kinases, leading 
to the formation of a receptor heterocom-
plex (Massagué, 1998; Zhang et al., 2009). 
The activated type I receptor, in turn, acti-
vates receptor-regulated Smad proteins 
(R-Smads) by phosphorylating two serine 
residues at their C termini. Phosphorylation 
of the C-terminal tail of R-Smads provides 
a docking site for the common partner, 
Smad4, and the resulting Smad complex 
regulates target gene expression in the 
nucleus. In addition to this canonical Smad 
pathway, TGF-β family ligands can also 
activate other signaling molecules such 
as mitogen-activated kinases (MAPKs), 
Akt, PAK, and small GTP-binding proteins 
(Guo and Wang, 2009). Much research has 
focused on the molecular mechanisms of 
how the Smad pathway is modulated to 
achieve context-dependent functions, and 
how such signaling is turned off. Two ele-
gant papers from Joan Massagué’s group, 
one in this issue (Alarcón et al., 2009) and 
the second in Molecular Cell (Gao et al., 
2009), now shed light on a dual switch that 
couples the activity of R-Smads to their 
degradation.
R-Smads contain an N-terminal MH1 
domain and a C-terminal MH2 domain, 
spaced by a linker region in the middle. 
Multiple Ser/Thr residues of the R-Smad 
linker region can be phosphorylated by 
various kinases in response to stimuli 
such as epidermal growth factor or UV 
irradiation, often resulting in antagonism 
of TGF-β/ΒΜP activity (Figure 1) (Millet 
et al., 2009; Sapkota et al., 2007; Wang 
et al., 2009 and references therein). 
TGF-β ligands also stimulate the phos-
phorylation of R-Smads in the linker 
region, although the functional conse-
quences of these modifications have 
been unclear. In their new study, Alarcón 
et al. (2009) used small-molecule inhibi-
tors to screen for kinases that mediate 
agonist-induced phosphorylation of the 
linker region. They find that two cyclin-
dependent kinases, CDK8 and CDK9, 
which are components of the Media-
tor complex involved in transcription, 
are responsible for both BMP-induced 
linker phosphorylation of Smad1 and 
TGF-β-induced linker phosphorylation 
of Smad2/3. These modifications also 
require phosphorylation of the R-Smad 
C-terminal tail and the presence of 
Smad4. CDK8/9 can target multiple 
linker residues, some of which, when 
phosphorylated, form essential bind-
ing sites for the respective Smad E3 
ubiquitin ligases, Smurf1, and Nedd4L. 
Consistent with this, the half-life of acti-figure 1. Phosphorylation of the linker Region and c-terminal tail of R-smads
Phosphorylation of the linker region of Smad1, a receptor-activated Smad (R-Smad), at Serine 206 (S206) 
and S214 induced by BMP and mediated by CDK8/9 is critical for binding of the E3 ubiquitin ligase Smurf1. 
Binding of Smurf1 leads to polyubiquitination of Smad1 and its degradation by the proteasome. Similarly, 
TGF-β-induced and CDK8/9-mediated phosphorylation of Smad3 at Threonine 179 (T179) is important for 
binding of the Nedd4L E3 ubiquitin ligase, which accelerates Smad3 turnover. CDK8/9-mediated phospho-
rylation at S206 and S214 is also important for binding of the transcriptional coactivator YAP, resulting in 
enhanced Smad1 activity in regulating transcription. Phosphorylation of the linker region of Smads medi-
ated by ERK2, GSK3β, and CDK2/4 negatively regulates Smad activity by preventing their relocation to the 
nucleus, by inhibiting their interactions with coactivators, or by accelerating their degradation. In contrast, 
receptor kinase-mediated phosphorylation of the C-terminal tails of Smads is essential for their activation.vated Smad1 and Smad3 is prolonged 
after CDK8/9 depletion, indicating that 
CDK8/9 phosphorylation promotes the 
turnover of activated Smads.
Surprisingly, however, mutation of the 
CDK8/9 phosphorylation sites results in 
reduced, rather than enhanced, transcrip-
tional activity of C-terminal-tail phospho-
rylated R-Smads, despite their increased 
protein stability. This suggests that ligand-
regulated linker phosphorylation is also 
required for maximal Smad activity, pos-
sibly due to the recruitment of factors 
other than the E3 ubiquitin ligases. One 
such factor, YAP, has been identified in a 
genome-wide search. YAP functions as a 
transcriptional coactivator downstream of 
the Hippo pathway to control organ size by 
inhibiting cell proliferation and promoting 
cell apoptosis (Zhao et al., 2008). Deregu-
lation of YAP-mediated Hippo signaling is 
also associated with tumorigenesis. YAP 
directly interacts with the linker region of 
Smad1 via its WW domains upon CDK8/9-
mediated linker phosphorylation. This 
interaction promotes the transcriptional 
activity of Smad1 as YAP knockdown 
reduces BMP-stimulated expression of 
Smad1 target genes. These data indicate 
that the CDK8/9-mediated phosphoryla-
tion of the Smad1 linker region enhances 
Smad1 activity by recruiting YAP.
Linker phosphorylation has been 
regarded as a way to attenuate TGF-β/
BMP signaling by preventing R-Smads Cell 139, Nfrom moving into the nucleus or by pro-
moting their ubiquitination and deg-
radation in the proteasome. Among 
the known Smad E3 ubiquitin ligases 
(Smurf1/2, Nedd4L, WWP1/Tiul1, Itch/
AIP4, ROC1–SCFFbw1a, CHIP, Ectoder-
min/TIFγ, Arkadia, SCFSkp2, etc.), only 
Smurf1 has been shown to interact 
with Smad1 in a linker phosphorylation-
dependent way (Sapkota et al., 2007). 
In a related study, Gao et al. (2009) 
provide evidence that the E3 ubiquitin 
ligase Nedd4L (but neither the closely 
related Nedd4 nor Smurf1/2) binds to 
the Smad2/3 linker upon TGF-β treat-
ment. Interestingly, this binding requires 
CDK8/9-mediated (but not MAPK-
mediated) phosphorylation of the linker 
residue Thr179, which precedes the 
PY motif that interacts with the WW 
domain. Similar to the action of Smurf1 
on Smad1, Nedd4L promotes polyubiq-
uitination and degradation of activated 
Smad3. The significance of Nedd4L-
mediated degradation of Smad3 is 
evidenced by enhanced induction of 
expression of TGF-β target genes and 
activin-stimulated differentiation of 
mouse embryonic stem cells into mes-
endoderm after loss of Nedd4L. Thus, 
not only does Nedd4L target the TGF-β 
receptor and Smad4 for degradation, 
but it also plays a profound role in mod-
ulating TGF-β signaling by influencing 
the stability of R-Smads.ovember 13, 2009 ©2009 Elsevier Inc. 659
The two new studies uncover a dual 
role for agonist-induced phosphorylation 
of the R-Smad linker region. It is not only 
required for ubiquitin-proteasomal degra-
dation of activated R-Smads, but it is also 
important for achieving their maximum 
transcriptional activity. The last minutes 
of Smads before their degradation are 
marked by a boost in their activity due to 
phosphorylation. The increased activity is 
likely to be important for Smad-mediated 
TGF-β/BMP signaling in the induction 
of target gene expression, neural dif-
ferentiation, and tissue patterning. This 
scenario represents a new example of 
what we have learned from studying the 
nuclear hormone receptors, i.e., the activ-
ity of transcription factors is often, if not 
always, coupled to their destruction.
The two new studies stimulate many 
interesting questions. Gao et al. showed 
that TGF-β-induced phosphorylation of 
the Thr179 residue is critical for binding 
of Nedd4L. However, signaling via the 
epidermal growth factor and MAPK also 
induces Thr179 phosphorylation but can-
not promote Nedd4L binding. How does 
the same phosphorylation event generate 
two such different outcomes? One expla-
nation could be the different intracellular 
locales where these different phospho-
rylation events take place. Smurf1 and 
Nedd4L are closely related E3 ubiquitin 660 Cell 139, November 13, 2009 ©2009 Els
Tissue architecture provides an environ-
ment for cells to produce and respond to 
signals. In order to develop into functional 
organs, cells expressing ligands and cells 
expressing receptors have to be located at 
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The GTPase Cdc42 specifies po
demonstrate that Cdc42 also regu
it is required for tubule formation
influences the differentiation of paligases, both recognizing the PY motif 
in their substrates via their WW domain. 
What is the structural basis to discriminate 
the Smurf1-Smad1 and Nedd4L-Smad3 
interactions? Why is it that C-terminal-
tail phosphorylation and Smad4 are both 
required for CDK8/9 to phosphorylate the 
linker region of R-Smads? Does Smad4 
help to recruit CDK8/9 to their R-Smad 
substrates? Given that YAP and Smurf 
bind to the same linker phosphorylation 
sites, what then are the mechanisms that 
control the balance of these functionally 
opposite interactions and that mediate the 
switch from activation to degradation? In 
addition, YAP activity is regulated by Hippo 
signaling. It will be interesting to investigate 
whether there is functional convergence of 
the BMP and Hippo signaling pathways in 
the control of cell proliferation and organ 
size. On the other hand, although YAP 
is an important coactivator of Smad1 in 
BMP signaling, it may not be a major pro-
moter of Smad2/3 activity. Is there, then, a 
counterpart to YAP that collaborates with 
Smad2/3? Finally, dephosphorylation of 
activated R-Smads by phosphatases has 
been shown to play an important role in 
terminating Smad function. As Gao et al. 
point out, it is still an open question which 
signaling turn off mechanism is used in 
which physiological setting. Answers to 
these questions will surely increase our evier Inc.
the right place at the right time to establish 
proper signaling cascades. A recent study 
showed that establishment of correct epi-
thelial polarity is essential for epithelial 
specification and organogenesis in the 
iny
nia, San Francisco, CA 94143-2140, USA
larity in various biological proces
lates epithelial cell polarity in the de
 and maintenance. Furthermore, th
ncreatic progenitor cells, linking ceunderstanding of the molecular basis of 
TGF-β/BMP regulation and the crosstalk 
between different signaling pathways.
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